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ABSTRACT 
Thin film epitaxial magnetic garnet layers have become the 
commercial material upon which magnetic bubble memory storage systems 
rely. The current electronics industry magnetic domain material 
standard is a mixed rare earth, substituted, iron garnet composition 
with the nominal formulation of {Y Sm Lu Ca}_ (Fe Ge)c 0.o such that j       bid 
one of the practical compositions can approximate: 
Yl,5 Sm0.3 Lu0.3 Ca0.9 Fe4.1.Ge0.9 °12 
The actual stoichiometric compositions of the epitaxial garnet films 
.grown from a uniform solution of mixed rare earth oxides and substi- 
tuted iron oxides dissolved in a PbO-B„0- solvent flux are known to 
vary with three primary parameters: viz., the relevant melt solution 
composition used in the liquid phase epitaxy process, with its 
characteristic saturation temperature Ts; the diffusion coefficients, 
D, of the solutes' ions across the melt-solid interface region; and 
the supersaturation level of the garnet melt solution by supercooling 
to some AT below the saturation temperature. 
This paper considers the effects of the third parameter of super- 
cooled isothermal epitaxial growth on the stoichiometry when the other 
two primary parameters are maintained constant. The total supercooled 
AT range investigated approximated 70°C. Evaluation of the results 
utilized electron microprobe analysis techniques which incorporate 
computer software programs which delete appropriate background levels 
-. " -1- 
and "smooths" unbalanced irregularities in the electron spectrum. Ion 
sizes of the incorporated rare earths as well as lattice site prefer- 
ences of the substituting elements are also considered. Resulting data 
2+ 
shows that the substituted divalent ion Ca  and the tetravalent ion 
4+ Ge  occupy significantly more stoichiometric sites while the quasi rare 
earth yttrium ion/corYespondingly decreases in stoichiometric content. 
3+     3+ The trivalent rare earth ions Sm  and Lu  do not show significant 
change with extent of supercooled growth conditions. 
-2- 
INTRODUCTION 
Magnetic bubble domain technology made large evolutionary 
strides in the electronics growth decade of the 1970's. During 
this period of rapid development, magnetic bubble memory devices 
and systems were engineered into practical applications in which 
bubble memory storage and retrieval systems complemented the use 
of the more traditional magnetic disk-tape-core memories and the 
burgeoning semiconductor memories. This successful'development 
of magnetic bubble memory systems was made possible by advances 
in several areas of technology ranging from the discovery and 
understanding of magnetically anisotropic garnet materials to 
the design of viable large memory store bubble domain patterns 
suitable for efficient, reliable organization and retrieval of 
the binary logic digits or "bits" of information stored upon the 
memory chips. Some of the specific materials aspects included 
among these advances were in: solid state physics of magnetic 
oxides; bulk orthoferrite crystals; bulk magnetic garnet crystals; 
heteroepitaxy garnet thin film processing; and understanding 
magnetic domain measurement parameters. 
An example of current commercial applications is the 272K 
bit magnetic bubble memory package shown in Figure 1. This 
shielded dual inline package module, measuring 3 cm. x 6 cm. x 
1 cm., was described by Kowalchuk, et.al.1 as a serial bubble 
MA6METIC   SHIELD 
DIP   •   32   PIUS 
WESTERN   ELECTRIC 
29A 
MAGNETIC  BUBBLE MEMORY 
DQQQ «4_>" la 
MAGNETIC BUBBLE      OUTER COIL 
CHIPS 
•y*.- ■•  -"r--U  1 
i 1 n-l 
if.- • --'•-•> 
CHIP-BOARD 
ASSEMBLY 
 f_ 
«p7=". 
r—i.- 
P.C. BOARO 
BOARD-COIL 
ASSEMBLY 
INNER COIL 
TOP SHIELD 
MOLDED 
ASSEM8LY 
Z COIL-FRAME 
ASSEMBLY 
* 
m 
LEAD FRAME 
MAGNET (2) 
SPRING (2) 
CZJ P^S»I 
Z COIL SHIELD-STUD 
ASSEMBLY 
COMPLETED 
32 PIN 
DEVICE 
FIGURE   1 
-4- 
store memory arrangement, patterned onto four 5mm x 6mm magnetic 
bubble memory chips, with the domains controlled by two permanent 
bias magnets and driven by rotating X-Y plane electromagnetic, 
coils. The key to the practical evolution of commercial bubble 
memories such as these have been the successful development of 
the uniaxial anisotropic magnetic garnet materials utilized for 
the bubble domain memory chips. 
The purpose of this report is to summarize the study of the 
effect of supercooled melt temperatures on the stoichiometry of the 
mixed rare earth - substituted iron garnet {Y Sm Lu Ca}0 (Fe Ge)c 0.o 
grown as heteroepitaxial films from molten flux solutions. A 
brief review of the materials background, the lattice structure 
considerations, the magnetic parameters, and some process considera- 
tions will be made before the experimental procedures and results 
are discussed. 
MAGNETIC GARNET MATERIALS 
Background: 
The first materials considered by Bobeck2 for the concept of 
magnetic bubble domains were single crystal platelets of the 
magnetic hexagonal ferrites and orthoferrites. Other evolutionary 
materials experimented with were the crystallites of magnetic 
spinels and plumbites. These four types of materials were 
considered unsatisfactory for reasons described later. A successful 
-5- 
material evolved from the discovery of uniaxial magnetic garnets. 
These materials generally can be indicated by their generic 
structure as: 
Hexagonal Ferrites - M Fe.? O.q f~ 
Magnetic Spinels - M Fe2 0. 
Magnetoplumbite - Pb Fe^2 0-g 
Orthoferrites - Y Fe 0. 
Rare Earth Garnets - Y_ Fe,- 0.? 
The M elemental term denotes a metallic ion such as barium; the Y 
elemental term denotes the pseudo-rare earth element yttrium or 
any of the rare earth ions in the lanthanum series from cerium 
with atomic number 58 through lutetium with atomic number 71; Fe 
denotes the element iron or one of its non-magnetic substitutions 
such as gallium or aluminum; and 0 denotes the oxygen ions. 
The preceding sequence of magnetic bubble materials developed 
quite naturally one after another because of the process used to 
grow the crystallite materials. This process spontaneously 
nucleates bulk-type single crystal platelets from a lower tempera- 
ture supersaturated flux solution into which the elements for the 
ferrites, plumbites, spinels or garnets had been dissolved. Such 
methods of single crystal growth-from solution can be done at 
significantly lower temperatures than the melt point of the . 
specific single crystal material. The relationship among these 
hexagonal ferrite - orthoferrite - plumbite - garnet materials has 
-6- 
been suggested by Blank, et.al.1* and Ghez, et.al.17to be considered 
as a pseudo-ternary type of phase behavior. The suggested pseudo- 
ternary diagram, shown in Figure 2A, considers one phase to be the 
solvent flux combination of PbO-B^CL; a second phase to be the 
magnetic oxide Fe„ 0_ summed with its substitutions such as 
Ga? 0-; and the third phase to be the sum of the rare earth oxides 
shown as Z  Y? CL. In addition, the suggested pseudo-ternary does 
not utilize the standard ternary diagram procedure of showing an 
isothermal section across the .three phases, but instead shows 
several isotherms plotted on the pseudo-ternary diagram. From the 
expected behavior7'17 of this pseudo-ternary relationship for the 
same starting materials, variations in the melt composition or in 
nucleation temperature can shift the resulting bulk grown crystals 
into ferrite, plumbite, or garnet structures. Bulk grown crystals 
are defined as single crystals spontaneously nucleated from the 
melt, viz. homogenous nucleation crystal growth without intentional 
seeding. Reviewing the development of magnetic materials for 
bubble domains, the spontaneous nucleation of bulk ferrite or 
garnet crystals from the supercooled flux melts of Figure 2A was 
considered slow, cumbersome and variable; the hexagonal ferrites 
and orthoferrites were limited in crystal size capability; the 
spinels were cubic and not uniaxial; and the plumbites were too 
complex and difficult to process reproducibly.2'9 
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Improved garnet crystal size and uniformity evolved via the 
use of seeded nucleation growth from the flux melt, as compared to 
the spontaneous growth described previously. Seeded growth 
utilized non-magnetic garnet materials immersed into the flux 
melt upon which the magnetic garnet crystal platelet or film would 
grow. The advantages of seeded garnet growth quickly developed 
into the isothermal epitaxial growth of magnetic garnet films on 
non-magnetic gadolinium gallium garnet substrates, as reported by 
Levinstein, et.al.13and Blank and Nielsen7. This epitaxy is 
defined as the controlled growth of a "skin" or film upon a known 
crystalline substrate material while preserving and adopting the 
overall single crystal structure of the substrate. 
It was the discovery of uniaxial magnetic anisotropic behavior 
in the rare earth garnet films that largely provided impetus to the 
practical development of bubble domain materials. Yet, garnet 
materials are also cubic in structure, and uniaxial anisotropy 
implies a departure from cubicity.. This apparent discrepancy is 
explained at the crystallographic scale where only minute deviations 
from cubicity are sufficient to provide the small uniaxial 
anisotropy levels adequate for"uniform control of the magnetic 
domains. Such minute crystallographic anisotropy, though suffi- 
cient for magnetic properties, does not give other anisotropic 
properties such as unequal expansion coefficients, and so can be 
otherwise ignored. 
<% 
The magnetic garnet materially initially appraised for bubble 
memories3 was yttrium iron garnet, YIG, with the basic formula 
Y_ Fej. 012> This structure has a high ease of substitutions, with 
well known lattice site preferences and easily controlled ordering 
of the substituted sites. Therefore, substituted magnetic garnets 
were developed to give specific magnetic domain properties. Among 
2+ these substitutions was the combination of divalent Ca  ions and 
tetravalent Ge  ions proposed by Blank and Nielsen1* and shown on 
the pseudo-ternary phase diagram of Figure 2B. This diagram shows 
a small portion of the YIG apex of the ternary system which is o 
comprised of the YIG-GeCL-CaO phases. The defined system is in 
fact a pseudo-ternary which represents a plane out of the 
YIG-GeCL-CaO-FepCL quaternary system at a temperature isotherm of 
950°C.1*'9 Because the Ca  ion is introduced into the flux melt as 
4+   • 
CaO and the Ge  ion is introduced as GeO?, this phase diagram 
delineates the approximate region of epitaxial growth to assure a 
nucleated garnet film instead of a precipitated CaO phase. Let us 
look more closely at the YIG structure and its' substitutional 
possibilities. 
Structure Considerations: 
The basic garnet structure Y- Fe5 C-p, generally referred to 
as YIG, has a unit cell consisting of 160 atoms. Of these, 96 are 
oxygen ions; 40 are trivalent iron ions occupying 24 (d) sites and 
16*|aJ sites while 24 are trivalent yttrium ions occupying the 
-10- 
{c} sites. These site preferences in the structure are shown in 
Figure 3. Following the standardized crystal lattice nomenclature 
for garnet structures, the symbols {.}, | | and ( ) represent the 
c, a and d lattice sites respectively.3'9 Hence, yttrium iron 
garnet is represented as {Y}, |FeL (Fe), 0 _. In the YIG 
structure shown on Figure 3, the metal ions are surrounded by 
oxygen atoms. The {c} sites are the dodecahedral sites which are 
each formed by 8 surrounding oxygen atoms, and can be seen as the 
pocket in the left of Figure 3. The |a| sites are the octahedral 
sites which are each formed by 6 surrounding oxygen atoms, and 
can be seen as the pocket in the lower right of Figure 3. The (d)• 
sites are the tetrahedral sites which are each formed by 4 
surrounding oxygen atoms, and can be seen as the pocket in the 
upper right of Figure 3. The size of each "pocket" in the lattice 
determines which of the metal ions it would accept. This has 
important considerations in substituting specific ions to tailor 
specific magnetic parameters. 
Because of ion size considerations, and because of the 
magnetic spins of the ions in the sites, the dodecahedral {c} 
sites accept most of the rare earth substitutions; the octahedral 
|a| sites accept generally the divalent iron ions; while the 
tetrahedral (d) sites accept the trivalent iron ions, or its 
trivalent substitutions such as gallium and aluminum. In the 
previous discussion of Figure 2B, the substitution of divalent 
-11- 
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Ca  and tetravalent Ge  was suggested by Blank, et.al." to form 
coupled divalent-tetravalent ions. These coupled ions have 
balanced charges to enable occupying of tetrahedral (d) sites by 
4+ 2+ the Ge  ions and the dodecahedral {c} sites by the Ca  ions. 
Substitutions such as these are indeed net charge dependent, but 
also ion size dependent.14 Some of the site preferences for non- 
magnetic ion substitutions in magnetic iron garnets have been 
reported by Nielsen9 in Table I. Mote the |a| site lutetium. 
Table I - Non-Magnetic Ion Substitutions in Iron Garnets 
 Approximate Fraction in Site  
Ion Dodecahedral 
{c site} 
Octahedral 
|a site) 
Tetrahedral 
(d site) 
Al3+ 0.15 0.85 
Ga3+ 0.1 0.9 
Sc3+ 1.0 
ln3+ 1.0 
Ge4+ 0.02 0.98 
Si4+ 1.0 
Ti4+ 1.0 
Zr4+ 1.0 
Ca2+ 1. .0 
Sr2+ 1 .0 
La3+' 1 .0 
Lu3+ 0 .95 0.05 
Y3+ 1 .0 
•13- 
Considering the many substitutions! variations which can be mixed, 
the epitaxial growth of tailored garnet films would be extremely 
complicated if it were not for the pseudo-ternary Y?0_-Fe?0_-PbO 
behavior discussed earlier in Figure 2A. Fortuitously, the 
PbO-B?0_ flux systems enable the epitaxial growth to behave as if 
all {c} site ions behave as one component; all |a| and (d) iron 
site ions behave as a second component; and the PbO-B?CL solvent 
as the third component. A typical PbO:B?CL molar ratio is 15.6:1. 
To simplify the relationship of multicomponent substitutions 
in epitaxial garnet layers, Blank6 and Nielsen9 defined site 
preferences in terms of molar ratios as: 
(1) Rl 
.  
Fe2 °3 
LY203 
R2 
. 
F62 °3 
'   
M23+ °3 
or 
Fe2°3 
2N4+ 02 
R3 
PbO 
B2°3 
R4 
IY2 °3 
(2) 
E Y2 03 + (PbO + B2 03) 
(3) 
. (4) 
A2+ 0 
b
   fC    0 + N4t 02 
-1,4- 
R6   Z  Y2 03 (6) 
3+ In these ratios, Y represents the rare earth ions; M  represents 
2+ the non-magnetic ions such as gallium; A  represents the divalent 
4+ ions such as calcium; and N  represents the non-magnetic tetra- 
valent ions such as germanium. These molar ratios were reported 
to be interdependent and to combine optimum ranges for proper 
garnet phase epitaxy.9 One example of this interdependency 
suggested that R1 >12 if the typical value of the solvent flux 
ratio R_ = 15.6. Another cited example suggested that R. is 
comparable to the garnet solubility because the saturation 
temperature (Ts) of the solvent-solute melt changes as R. changes. 
Furthermore, these molar ratios can affect distribution 
coefficients during garnet film growth. Because of the non-steady 
state nature of solute crystallization during the epitaxial film 
growth from these complex flux melts, kinetic distribution 
coefficients were defined6'10 and utilized in place of the classical 
thermodynamic distribution coefficients. Three types of kinetic 
distribution coefficients have been defined to be: 
L Xfx )      Crystal 
- k  _ 
Xad  xFe (7) 
ad
  f  "c   ,      Melt 
Sd + xFe) 
■15- 
/ c        s Crystal 
kc -  '"c * l V (8) 
, 
xc        v Melt 
*x +  7  x   ' xc      L xy 
kad> c = (V+ + V+)   C^sta1 (9) • 
2(x
A2+ + xN4+} Melt 
k , is the distribution coefficient for substituents on the iron 
containing octahedral and tetrahedral sites; x . is the mole 
fraction of substituents on those sites;' k is the distribution 
coefficient on the dodecahedral sites; x is the mole fraction of 
substituents on these sites; k ,  is the distribution coefficient 
ad, c 
for simultaneous divalent and tetravalent ion substitutions into 
the {c}, |a| or (d) sites; and x 9+; x .. are mole fractions of 
these coupled divalent and tetravalent ions respectively. Some 
of these kinetic distribution coefficients for several non- 
magnetic substitutional ions have been reported8,10 and are listed 
in Table II. Ionic size in angstroms.of ionic radii are also 
listed.3 
■16- 
Table II - Ion Size and Distribution Coefficients of Substituted 
Ions in Dod ecahedral Sites of Iron Ga rnets 
Cation Ionic Radius 
. 0.93 
0 
(A) Kc 
Y 1.0 
Sm 1.00 0.8 
Eu 0.98 1.0 
Gd 0.97 1.1 
Tm 0.87 0.9 
Yb 0.86 0.95 
Lu 0.85 0.8 
Ca 0.99 0.7 
Ge 0.93 
Variable values of kinetic distribution coefficients have been 
found by Blank and Licht8 to be growth rate dependent. The 
eff 
effective distribution coefficient, K  , w.as therefore defined 
as 
Keff = Ko |f(Gr)| (10) 
where K° is the equilibrium coefficient and f(Gr) is a function 
of the growth rate. Such varying solute segregation behavior 
changes the growth induced anisotropy of uniaxial garnet films. 
This distribution behavior, together with other processing 
dependencies, enable specific magnetic properties to be attained 
in epitaxial garnet films. Let us now review some of these 
magnetic parameters. 
-17- 
Magnetic Parameters: 
Magnetic bubble domains were initially described by Bobeck2 
for the case of thin orthoferrite platelets, and later for epi- 
taxial YIG garnet films grown from flux melts as described in the 
preceding sections. These bubble domains are described as 
cylindrical magnetic regions occurring in a magnetic film or 
platelet such that these regions are islands in a "sea" of reverse 
bipolar magnetization. The alignment of the cylindrical domain is 
in the direction of an applied magnetic field which is perpendic- 
ular to the plane of the magnetic film or platelet. These 
cylindrical regions, however, do not occur in the natural equili- 
brium state of the material, but only over a certain range of 
bias field applied in the uniaxial direction of the magnetic film 
material. Indeed, at the equilibrium conditions as shown in 
Figure 4a, the bubble domains relax into a demagnetized state 
comprised of interwoven serpentine domain stripes balanced into 
opposite positive and negative magnetizations1, which constitute 
a stable minimum energy configuration. Not until the magnetic 
film plane has a bias field applied perpendicular to it do the 
serpentine regions squeeze into smaller regions as shown in 
Figure 4b. If the applied bias field continues to increase, 
these serpentine regions finally become circular cylinders, 
magnetically charged opposite to the charge of the applied bias 
field, as shown in Figure 4c. For each type of uniaxial magnetic 
film material, there exists a bias field at which the squeezing of 
-18- 
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the cylindrical domains approaches a critical diameter. At that 
point, the net wall energy can no longer sustain the reverse 
magnetization of the cylinder domain and this cylinder or "bubble" 
collapses and the bubble domains disappear as shown in Figure 4d. 
At collapse, the uniaxial magnetic film'is saturated. On the 
other hand, if the external bias field level did not reach this 
saturation level, then reducing the bias field gradually enables 
the cylindrical domains to grow larger in diameter, until it 
finally loses its circular wall constraints and strips out into 
the serpentine regions of Figure 4b again. For many orthoferrites 
and for magnetic garnets, the domain diameter at the point of 
strip-out approximates 3 times the domain diameter at the point 
before collapse.2 
The operating region between bubble collapse and strip-out is 
considered the nominal stable bubble diameter for a specific garnet 
material. This stable diameter region results from the net force 
summation of the external magnetic bias field energy; the domain 
wall energy comprised of the crystalline anisotropy component and 
the exchange energy component; the material magnetostatic energy; 
and the magnetostrictive - strain energy. Of these energy 
influepces, the material's destiny is best adjusted by the control 
of the anisotropy energy of the domain wall. If we look briefly 
at the simple hysteresis curve shown on Figure 5, consideration of 
material composition and processing should be to give uniaxial garnet 
.  -20- 
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materials which are neither too hard in magnetic coercivity, and 
hence too slow moving as bubble domains; nor too soft with 
attendant problems of bubble instability.2 
Besides uniaxial anisotropy, a number of other important 
magnetic parameters have been described as material requirements 
for magnetic garnets.9 However, because bubble domain material 
behavior is closely related to the design of specific bubble 
memory systems, detailed discussions of these magnetic parameters 
are referred to specific references.2'3 The magnetic garnet 
material requirements are summarized in the following relation- 
ships.9 In order to sustain stable bubble domains, the minimum 
anisotropy constant, Ku, of a magnetic garnet film is related to 
the magnetic moment at saturation, M . 
| Ku i > 2TT MS2 (11) 
If the uniaxial anisotropy is known, then the nominal bubble diameter, 
d, is approximated by: 
. _ 8 (A Ku)h (12) 
? u ,r s 
where A is the exchange constant. The nominal bubble diameter can 
also be approximated to the characteristic length, ?„, of the garnet 
material. 
d = 82, 
•22- 
The characteristic length is related to the wall  energy o . 3 3J
    w, and 
the saturation magnetization, 4TT M .. 
o  = CTw (13) 
x. 2 
4TT M C 
s 
Another important domain parameter is mobility, u, since the 
speed of the bubble domains depend upon both the external driving 
field and the bubble mobility. 
where y is the gyromagnetic ratio; a is the Gilbert damping 
parameter; and AH is the ferromagnetic resonance linewidth of the 
material at the frequency w. Epitaxial film thickness is a 
measured characteristic of the garnet film. 
If the thickness of the garnet film is h, a stable region of nominal 
bubble diameter can exist as large as: 
d = 2h (15) 
The collapse field, He, depends upon the saturation magnetization, 
4TT M , the film thickness, h, and the characteristic length, £, of 
the material. 
He = 4TT Ms {1 -(3£)+ !£)  '      (16) 
•23- 
In order to obtain the.desired performance from magnetic 
bubble memory systems, the uniaxial garnet material must consider 
the above parameters of uniaxial anisotropy, film thickness, 
magnetization, exchange constant, mobility, coercivity, and 
collapse field into a proper combination. Three types of 
parameter combinations are compiled in Table III. These three 
materials v/ere obtained by varying the compositions of the substi- 
tuted iron garnet films orimarily to obtain the nominal bubble 
diameters_ listed in Table III. Film composition A typifies a 
{Y Eu}~ lFeU (Fe Ga^3 °i2 mixture-u Film composition B 
typifies a {Y Sm Ca}_ |FeL (Fe Ge)3 0 „ mixture.10 Film composi- 
tion C typifies a {Y Sm Lu Tm CaK |FeL (Fe Ge)_ 0,2 mixture.12 
A more specific effect9 of compositional variations on bubble 
mobility is listed in Table IV. Clearly, ion substitutions can 
affect magnetic parameters greatly, but processing conditions also 
play a part in characterizations. 
Table III - Bubble Domain Properties 
         ■ :   l 
Property Garnet Film Variations 
Nominal Bubble Diameter - d (urn)' 
Garnet Film Thickness - h (pm) 
Collapse Field - He (Oe) 
Mobility - u (cm/s/Oe) 
Coercivity (Oe) 
Magnetization - 4T M (g) 
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A. B. C. 
6 3 1.5 
4 3 1.5 
70 170 190 
1200 >350 >350 
0.25 <0.5 <0.5 
100 . 180 >200 
/    I 
lh 
(cm/sec/Oe) 
24 
55 
120 
220 
250 
830 
1500 
Table IV    -    Bubble Domain Mobilities of Substituted Iron Garnets 
Sml.l Dy1.9 Fe4.2 Ga0.8 °12 
Er2.0Tb1.0 Fe3.9A1l.l °12 
Gd2.3 Tb0.6 Fe5.0 °12 
Eu1.7 Yl,3 Fe4.0 A11.0 °12 
Y2.62 Sm0.38 Fe3.85 Ga1.15 °12 
Y1.3 Gd1.0 Yb0.7 Fe4.1 Ga0.9 °12 
Y1.92 Sm0.1 Ca0.98 Fe4.02 Ge0.98 °12 
Process Considerations: 
The preceding sections discussed the ease of substituting 
non-magnetic ions into the compositional structure of the magnetic 
garnets in order to attain specific requirements of anisotropy, 
magnetization, bubble diameter and other magnetic domain 
characteristics. Among the processing considerations which also 
greatly affect these characteristics are the parameters of growth 
temperature (T ) and the growth rate (Gr). An alternate way of 
looking at the growth temperature is to look at the temperature 
differential (AT) between the saturation temperature (Ts) of the 
flux melt and the epitaxial film growth temperature. 
One effect of growth rate on 4TT M magnetization is shown in 
Figure 6 for three {Y Sm Ca>3 |Fe|2 (Fe Ge)3 012 garnet films,10 
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prepared at three different growth temperatures. 
The three films show faster growth rates with decreasing growth 
temperature. These plots indicate a decreasing linear relation- 
ship of 4TT M as the growth rate increases. The effect of growth 
rate on the Curie Temperature (T ) behaves in a similar manner"4, 
as shown on Figure 7. 
An interesting corollary to these'observations is a study on 
growth rate with rotational speed during isothermal epitaxial 
garnet film growth. Geiss, et.al.1B reports on the linear 
relationship between growth rate and the square root of rotational 
speed (rpm) as shown on Figure 8 for garnet films of 
{Eu Y}., |FeL (Fe Ge)3 0.2 composition. Geiss studied this 
correlation while maintaining constant temperature and flux-melt 
conditions. Similar behavior is shown in Figure 9 for a 
{Y Sm Ca}- |FeL (Fe Ge)_ CL2 composition which also has been 
plotted against the square root of rotational speed (rpm). 
Geiss, et.al.18 ' 20and Ghez15 uses a diffusion-reaction model to 
explain this relationship. In the preceding section on structure 
considerations, equation (10) was suggested by Blank and LichtG 
to indicate the influence of a growth dependent factor on the 
effective distribution coefficient of film growth. The film 
growth rate (f) of the diffusion-reaction model proposed by 
Giess, et.al ,18 states: 
f = p"1 (CrC) (D/5M1 + D/K^T1      (17) 
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where o = garnet film specific gravity; 
C-, = concentration of garnet dissolved in melt; 
C = equilibrium cone, of garnet in melt at temp. T; . 
D = the diffusion coefficient of the growth species; 
6 = the diffusion boundary layer thickness; 
K. - interface reaction constant 
The relationship in equation (17) indicates that for a/11 other growth 
parameters held constant, the variations in rotational speed 
during growth primarily alters the boundary layer thickness, 5. 
Giess18 further indicated 5 to be proportional to the square root 
of rotational frequency, OJ, and to the one sixth power of melt 
viscosity, v. 
i     -    1.6D1/3 u1'6 u1/2 (18) 
For large size flux-melts, the diffusion coefficient, D,  in 
equation (17) can be considered to be constant when growth 
temperature, T , and rotation rate are maintained constant. 
Under constant temperature, C is constant, while K. and 5 remain 
g t 
constant only when both T and melt agitation are constant. g 
However, for the case of constant rotational speed, but.changing 
growth temperature, D can be expected to change for the different 
mixtures of garnet species nucleating out of the melt and diffusing 
across the bondary layer. In some compositions3'" '20 the number 
of species can be as many as eight competing ions. One example 
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of eight competing ions in a supercooled melt is the 
{Y Sm Ca)3 |Fe|2 (Fe Ge)3 012 film shown in Figure 10. The eight 
competing ions include Y, Sm, Ca, Fe, Ge, 0 ions from the garnet 
structure, plus the B and Pb. ions from the solvent. Figure 10 shows 
a linear variation between a collapse field parameter and the growth 
temperature, Tg, for the {Y Sm CaK |FeL (Fe Ge)3 0,p composition.1* 
The magnetic variation shown is presumed to arise because different 
ions diffuse at different rates as the growth temperature isvaried. 
In Figure 10, the collapse field behavior was plotted as a rate of 
change of collapse field with temperature change (AH/HO/AT). This 
rate behavior is important for magnetic bubble memory assembly design 
considerations,4 and will not be discussed further in this report. 
More important to the consideration of garnet film characteristics is 
the experimental point for the lutetium-substituted rare earth garnet 
sample, indicating an increase in collapse field, as shown in Fig. 10. 
Also, growth temperature drastically affects the growth induced 
anisotropy of an alternate composition as shown in Figure ll.10 However, 
not all of this anisotropy is the result of the change in the distribu- 
tion coefficient behavior of each nucleating ion species during dynamic 
growth conditions. Some partial effects of growth induced stresses are 
caused by a faster growing rate which is accelerated by a lower growth 
temperature.10 Figure 12 shows the linear relationship between growth 
rate and the extent of supercooling, AT. An additional consideration 
towards growth induced anisotropy is the effect of the ion size differ- 
ence in the garnet film as reported by Georgy, et.al.19 This size effect 
was briefly discussed in the section on YIG lattice structure and its 
ion substitutions, and.was summarized in Table II. 
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OBJECTIVE 
In the preceding discussions about garnet structure, magnetic 
behavior and process considerations, three primary parameters were 
considered to have special importance in the growth of liquid 
phase epitaxy (LPE) magnetic bubble films. These three parameters 
were, the temperature supercooling effects during single crystal 
growth, the composition of the melt solution used for liquid 
phase epitaxy, and the diffusion coefficient behavior across the 
melt-solid interface region. 
The purpose of this experimental study was to evaluate the 
effect of supercooled growth temperatures upon the stoichiometric 
composition of LPE grown garnet crystals. The specific magnetic 
garnet structure studied was {Y Sm Lu CaK |FeL (Fe Ge)5 O.^. 
The composition of the melt solution and the diffusion coefficient 
behavior during LPE growth were both effectively held constant. 
Therefore,, the behavior of the {Y Sm Lu Ca'}_ |FeL (Fe Ge)g 0-2 
garnet films results only from the effect of varying the 
supercooled growth temperature AT. A specific portion of the 
purpose was to consider the effect of lutetium substitution com- 
pared against no lutetium substitution. 
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EXPERIMENTAL 
Substrate Apparatus: 
Gadolinium Gallium garnet (GGG) single crystal wafers were 
used for the epitaxial film growth substrates. These Gd_ Ga^ Q.? 
or GGG substrates were grown as single crystal boules, following 
the procedures outlined by Brand!e27 , in a Czochralski crystal 
puller depicted schematically in Figure 13. The single crystal 
was pulled at a melt temperature of approximately 1750°C with a 
pull rate of approximately 2cm/hour. The melt was prepared from 
99.99% purity powders of Ga2 CL and Gd2 0.,. A programmable 
minicomputer and its feedback systems aided in diameter control 
during the pulling process. The boules were oriented by x-ray 
diffraction in the <111> crystallographic direction and sawed into 
.027" thick substrates via diamond cutting saws which cut with the 
inside diameter edge of the blade. After lapping, the substrates 
were polished on planetary type horizontal-table polishing 
machines, utilizing colloidal silica polishing solutions. Final 
polishing thinned the substrates to .020". These polished 
substrates, similar to those shown in Figure 14, were cleaned, 
acid etched, inspected and then placed into liquid phase 
epitaxial (LPE) furnaces for garnet film growth. All GGG 
substrates used in this experimental study were 5.08cm diameter. 
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Figure   14 
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Liquid Phase Epitaxy: 
The LPE furnace techniques follow the basic process initially 
defined by Levinstein, et.al.13 and expanded upon by Giess, et.al.15, 
Ghez, et.al.16, and Blank and Nielsen7. The specific LPE furnace 
system used for this study is shown illustratively in Figure 15, 
and closely approximates the 3-zone furnace design and details 
described by Blank and Licht8. A 3-zone furnace design enables 
control of graded temperatures within the furnace. The hot growth 
zone is the bottom furnace zone. The tempering zone immediately 
above the hot zone heats the GGG substrates close to the LPE 
molten solution temperature. This tempering zone minimizes 
thermal shock before immersion and after withdrawal of the substrate 
from the LPE melt. The preheat zone is above the tempering zone. 
The preheat zone moderately heats the substrate when the substrate 
is gradually inserted into the furnace. A series of platinum 
baffles located in the preheat and tempering zones aid in 
establishing appropriate temperature profiles.8 The 3-zone heating 
element is comprised of helical windings of Kanthol wire. An 
inner liner or muffle of Al? 0., protects the coils from PbO vapors 
and smooths the heating profile. The jacket of the furnace was 
water cooled to effect uniform temperature control and responsive- 
ness. Thermal responsiveness abets accurate setting of growth 
temperature during LPE growth. 
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The LPE melt was held within the furnace hot zone in a 
platinum crucible of approximately 9cm diameter x 35cm length. 
The Gd^ 6a5 0.2 non-magnetic garnet substrates were held within 
single substrate specimen holders. These holders were fabricated 
from 95% platinum 5% gold wire. During LPE growth, the substrates 
were held in a horizontal plane and suspended from a rotating 
drive mechanism by a centerless-ground alumina rod. The 
approximate 900 C temperature of the melt during this experimental 
growth study was monitored by melt thermocouples fabricated from 
platinum/platinum + 10% rhodium junction wire sheathed within a 
platinum jacket. 
A 10 kilogram LPE melt solution was used for this experi- 
mental study. The melt compositional constituents were defined 
as ratios in a preceding section on garnet process considerations. 
Actual melt ratios used in this study approximate the nominal 
ratios suggested by Blank, et.al."'7 and Bonner, et.al.21'22 
The ratios utilized in the melt were as follows: 
Rl 
~ 15 
h = 9 
R3 
= 8 
V = 0.3 
R5 
= 0.6 
R6 
= 0.1 
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Saturation temperature of the melt was approximately 965°C. 
Use of the Targe 10 kilogram melt size helped to attain an 
effectively constant behavior of the melt concentration. Less 
than 30 substrates were immersed into this melt for the super- 
cooled LPE garnet films. Data reported by Blank and Licht8 
indicated that 60 LPE films could be grown from 10 kilogram melts 
without noticeably affecting the resulting garnet film composi- 
tion. The 30 films grown for this study were therefore considered 
to be grown from a quasi-infinite or constant melt source. This 
study considers the constant melt source to lead to a constant . 
term for C-, in equation (17). 
f = p'1 (CrCg)(D/6)(l + D/^5')"1       (17) 
In the previous discussion of equation (17) on process considera- 
tions, the diffusion coefficient, D, was considered to be constant 
if the melt solution remain constant and if the melt agitation 
i.e., rotational frequency, UJ, were also maintained at consistent 
conditions. Indeed, the LPE films grown for this supercooling 
study were done under the consistent bidirectional rotation 
conditions schematically shown in Figure 15. The bidirectional 
growth rotation helps to attain an optimized interface reaction 
constant, K., and a minimum boundary layer thickness, 6. Both 
necessary conditions of constancy stated in the objective of this 
study were therefore met. 
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Electron Microprobe Analysis: 
A quantitative x-ray electron microprobe analysis system was 
utilized for the.compositional determination of the epitaxial 
garnet crystal films grown for this supercooling study. The . 
microprobe equipment comprised the two principal components of an 
ETEC-AUTOSCAN scanning electron microscope (SEM) coupled to a 
KEVEX-QUANTEX RAY energy dispersive x-ray analytical spectro- 
meter. 
The. SEM was equipped with a precision machined four lens 
system which was prealigned and shielded for a triode type, 
tungsten filament electron gun. The electron gun assembly is 
controlled with double deflector coils and a stigmator coil. These 
parts are protected from contamination by their placement outside 
the vacuum system as shown schematically in Figure 16A. The SEM 
system showing the electron gun and lens column connected to the 
specimen chamber is shown in Figure 16B. The front of the 
specimen chamber accepts the evaluation sample goniometer stage. 
The stage has possible adjustments in the X-Y coordinate plane 
and also can tilt or rotate. These adjustments enable all 
specimens evaluated in this study to be set-up consistently and 
thus minimize errors in electron beam effects.25 
At the back of the specimen chamber shown in Figure 16B are 
three ports. One port connects to the electron collection system. 
The collection system includes a scintillator, a light pipe, and 
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a photomultiplier.25 The other two ports provide connections to 
the x-ray analytical spectrometer. 
The KEVEX-OUANTARY energy dispersive spectrometer system 
used in the experimental study was equipped with a lithium-drifted 
solid state (1.7 Kev) retractable detector for SEM usage. 
Associated hardware included a spectral display control console, 
a disk memory system, a data microprocessor, and a data print-out 
unit. The software for the spectrometer utilized the MAGIC V - 
Microprobe Analysis General Intensity Corrections programs 
initially formulated by J. W. Colby.2- With the MAGIC V routines, 
the analytical system was able to do the followi-ng tasks: 
statistically evaluate the spectral line of every  scanned 
element; locate and identify all spectrum peaks with measurable 
intensities; compare these peaks against standards entered into 
its memory; delete background continuum spectra and escape peaks 
from the scanned analysis; smooth out unbalanced spectra peaks; 
deconvolute overlapping peaks; and apply ZAF corrections to the 
results. ZAF corrections account for atomic number, absorption 
and fluorescence effects.25 
Standard spectra values were necessary for comparison by the 
MAGIC V programs. The rare earth and other substitutional 
elements were obtained from known stoichiometric compounds and 
elemental standards as follows: 
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Liu Fe5 0-„ - For lutetium with Z = 26; 
Lu3 Fe5 012 - For iron with Z =71; 
Y_ Fe5 012 - For yttrium with Z = 39; 
Sm_ Ga5 012 - For samarium with Z = 62; 
Gd- Ga5 012 - For gadolinium with Z = 64; 
Gd3 Ga5 0-2 - For gallium with Z = 31; 
Ca Si 03   "- ASTM Standard #WD-17 - for calcium with Z =20; 
Germanium   - ASTM Standard #WD-17 - for germanium with Z = 32. 
The oxygen composition was determined by the calculated difference 
method.21* An alternate compositional calculation by a stoichio- 
metric balance method24 was also made for approximation purposes. 
The electron beam was set at 20 Kev accelerating voltage. 
The beam incidence angle was maintained at 45.0 degrees. The 
effective take-off angle was maintained at 57.8 degrees: The 
spectrometer analysis setting was 10 eV per channel for ten 
channels. Each channel was set for 100 second acquisition time. 
The x-ray diffraction scanned for the K-alpha lines of 
calcium and iron; the L-alpha lines of germanium, yttrium and 
samarium; the L-gamma line of germanium; the M-alpha and M-beta 
lines of lutetium; and also for the standard lines of gold and 
palladium both of which were present in the sputtered alloy 
surface metallization. Platinum and lead levels in the LPE films 
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were below threshold accuracies of the energy dispersive spectro- 
meter system. 
The stoichiometric composition results from the spectrometry 
analysis are tabulated in Table V. The compositions are listed as 
atomic %  for the seven elements in the garnet structure. Results 
are plotted in Figure 18. 
The 16 compositions shown document 16 LPE films grown from 
two separate LPE melt solutions. The two melt solutions were pre- 
pared identically and followed the nominal (R) ratios discussed in 
the previous discussion on process considerations. Samples 10-01 
through 10-12 were grown from the first melt solution and were 
used for supercooled growth of LPE films ranging nominally from 
saturation temperature (Ts) to -40°C AT values. Samples 12-01 
through 12-04 were grown from a later melt preparation and were 
used for supercooled growth of films ranging nominally from -36 C 
to -70°C AT values. 
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TABLE V 
{Y Sm Lu Ca>3 |Fe|2 (Fe.-Ge)3 012 LPE FILMS 
STOICHIOMETRIC COMPOSITION 
Atomi c [%)  Composition 
Sample 
(dC) 
Y Sm Lu Ca Fe Ge 0 
10-01 -25.0 4.88 1.40 1.98 3.47 18.77 2.11 67.39 
10-02 -27.9 5.04 1.54 2.28 3.67 19.36 1.98 66.12 
10-03 -29.8 4.34 1.34 1.60 3.20 17.31 1.86 . 70.35 
10-04 -34.6 4.76 1.49 1.78 3.49 18.12 2.40 67.96 
10-05 -37.0 4.49 1.41 1.60 3.54 18.10 2.26 68.60 
10.06 -22.1 4.53 1.42 1.58 3.23 17.81 1.99 69.45 
10-07 -29.0 4.91 1.45 1.95 3.14 17.97 2.19 ~ 68.38 
10-08 -15.6 4.65 1.35 1.66 3.01 17.24 2.04 70.04 
10-09 -12.2 4.72 1.32 1.67 2.84 17.27 1.75 70.42 
10-10 -10.0 5.21 1.44 1.81 3.01 18.09 2.14 68.30 
10-11 - 7.0 5.75 1.48 1.95 3.14 18.84 2.19 66.65 
10-12 -39.8 4.60 1.34 . 1.87 3.49 16.98 2.50 69.22 
12-01 -36.0 4.68 1.40 1.88 3.38 17.72 2.23 68.72 
12-02 -50.0 4.67 1.50 1.83 3.89 17.89 2.97 67.25 
12-03 -60.0 4.38 1.39 1.88 3.84 16.91 2.79 68.80 
12-04 -70.0 4.12 1.39 1.86 4.41 17.40 3.23 67.59 
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Discussion of Results 
The specific magnetic garnet film evaluated in this supercooling 
study was {Y Sm Lu Ca>3 |Fe|2 (Fe Ge),'0,9. The nominal composition 
of this garnet film was Y1>5 Sm^ LuQ>3 Ca0>g Fe4a Ge0>g 012. 
Lutetium was an additional rare earth substitution which was not 
part of the stoichiometry of the garnet materials discussed in pre- 
ceding sections. The compositional variations of these lutetium 
substituted LPE films were associated with LPE growth parameters 
which are tabulated in Table VI. Besides the supercooling AT, 
these parameters included growth rate Gr, film thickness h, stripe 
width SW, saturation magnetization 4TTMS, and collapse field He. 
The relationship between growth rate and supercooling is 
plotted in Figure 17. Compositional variation is compared against 
supercooling in Figure 18. Saturation magnetization and collapse 
field behavior is compared with supercooling in Figure 19. Magnet- 
ization and collapse field correlations with growth rate are shown 
in Figure 20. The linear relationships of Figures 17,19, and 20 
are plotted with the least squares linear regression curve fitting 
for the following expression. 
f(x) = y - mx + b (19). 
The slopes and intercepts of the calculated values for these plots 
are tabulated in Table VII. Specific comments on each of these 
plots will be discussed. 
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TABLE VI 
{Y Sm Lu Ca>3 |Fe|2 (Fe Ge)3 012 LPE FILMS 
TABLE OF LPE GROWTH PARAMETERS 
Sample 
(°C)       . 
Thk. 
(pm) 
He 
(Oe) 
SW 
(ym) 
4TTMS 
(g) 
Rate 
(ym/min.) 
10-01 -25.0 3.90 159.3 3.80 302 1.56 
10-02 -27.9 3.21 124.9 4.06 281 1.78 
10-03 -29.8 3.11 114.8 4.09 266 1.94 
10-04 -34.6 3.16 88.7 5.24 245 2.25 
10-05 -37.0 .3.12 74.4 5.85 225 2.40 
10.06 -22.1 3.05 161.2 3.34 329 1.33 
10-07 -29.0 3.16 178.2 3.12 341 1.13 
10-08 - -15.6 3.11 200.4 3.10 386 0.92 
10-09 -12.2 2.63 ^220a 2.37 -v410a 0.60 
10-10 -10.0 3.31 ^220a 2.99 <x410a 0.44 
10-11  . - 7.0 2.44 >220a 2.04 >410a 0.19 
10-12 -39.8 2.89 62.9 6.72 225 2.41 
12-01 -36.0 3.74 161.4 3.66 307 1.49 
12-02 -50.0 4.03 50.8 6.96 219. 2.52 
12-03 -60.0 3.83 19.4 __ b 144 v     3.83 
12-04 -70.0 3.23 __ b ... b _b 5.38 
NOTES 
a) Maximum measurable He ^220 Oesteds due to test equipment limitation. 
Corresponding maximum 4irMs -\410 gauss. 
b) Missing parameters not attainable due to non-uniform striations in 
LPE films. 
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Table VII - Linear Regression Curve Fitting 
Plot   Data Pts Parameter Parameter  Slope y-Interc. x-Interc. @y 
m 
Gr - 0.072 -    0.4 - 5.3 0 
4IIMs + 5.12 447.2 -70.0 88.9 
He + 4.21 259.3 -61.6 0 
41IMs -83.62 437.5 5.2 0 
He -68.91 251.6 3.6 0 
Fig.17 16 AT 
Fig.19 14 AT 
Fig. 19 14 AT 
Fig.20 14 Gr 
Fig.20 14 Gr 
For the correlation in Figure 17, the growth rate varies linearly 
with supercooling at a rate of 0.072 um/minute/°C. This growth rate for 
the lutetium substituted composition is significantly higher than the 
0.015 ym/minute/°C rate for two other garnet compositions7 summarized 
earlier on Figure 12. These other garnets were {Eu Er>3 |FeL (FeGa)3 012 
and {Y Gd>3 |FeL (Fe Al)3 0,2  The yttrium component in the first 
example was totally substituted by the rare earths europium and erbium. 
The lutetium substituted garnet resulted in growth rates five times larger 
than the rates for these examples. Considering that the lutetium garnet 
also contained samarium and calcium substitutions while these two refer- 
enced examples contain only europium, erbium and gadolinium substitutions, 
the constituents in an LPE melt solution clearly affect film growth rates. 
An interesting observation of the growth rate plot in Figure 17 is 
the apparent difference between samples 10-01 through 10-12 grown from 
the first melt, and samples 12-01 through 12-04 grown from a later melt. 
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The slope for all 16 experimental points combined is shown in Table VII 
to be m = - 0.072 um/minute/0C. Samples 12-01 through 12-04 of the 
second melt group, however, calculate by linear regression to have a 
slope of m = - 0.114 um/minute/°C. This second relationship is shown 
as a dotted line plot labeled Gr* in Figure 17. Although the two LPE 
melt solutions were prepared identically and were handled similarly 
during all of the film growth procedures, subtle unaccountable variables 
have altered the growth rate behavior between the two groups of films 
by more than 50%. One of the subtle causes may have been differences 
1n the actual lead oxide contents between the two melts during the 
duration on the respective film growth cycles. Because the later melt 
operated under a significantly lower range of growth temperatures, it 
may have had less vapor losses of the lead oxide flux than the first 
melt had at its higher operating temperatures. No other conjectures 
for the different behavior will be offerred.at this time. 
An important purpose of this experimental study was the variation 
of stoichiometric composition as a function of supercooling. The 
atomic % of LPE film composition is plotted against supercooling in 
Figure 18. For the dodecahedral rare earth sites 1n the garnet 
structure, the yttrium content decreases with more supercooling. The 
substitutional calcium content, on the other hand, increases when the 
growing temperature decreases. Lutetium and samarium contents in these 
same sites remain nearly constant for small levels of supercooling, and 
then gradually increase for greater amounts of supercooling. 
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In order to maintain stoichiometric balance in the dodecahedral sites, 
a decrease in the yttrium content must be compensated by an increase 
in the content of the substitutional ions samarium, lutetium and 
calcium. This site balance can be illustrated by comparing the atomic 
compositions at -10 °C supercooling with the compositions at -70°C 
supercooling. For this temperature range, the yttrium level decreased 
from 5.21 to 4.12 atomic % concentration, a net reduction of 1.09 
atomic %. The corresponding increase for the combined samarium, 
lutetium and calcium content totaled 1.10 atomic % over the same 
temperature range. These comparable values give exceptional correla- 
tion considering the limitations of measurement accuracy in the elec- 
tron microprobe analysis equipment. These particular values fit the 
normalized curves of the compositional plots in Figure 18 reasonably 
well. 
In an earlier discussion, it was postulated that for divalent 
calcium to substitute into the trivalent yttrium sites, an equivalent 
amount of tetravalent ions such as germanium, should be substituted 
into the trivalent tetrahedral sites in place of the iron ions. This 
2+ 4+ 
coupling of the Ca  ions with the Ge  ions was considered necessary 
to maintain proper charge balance of all ions in the"garnet structure. 
These balanced charges would indicate that atomic compositions should 
increase for germanium in the same smounts as for calcium. In the 
supercooling range from -10.°C to -70 °C, calcium content increases 
from 3.01 to 4.11 atomic % while germanium content increases from 
2.14 to 3.23 atomic %.    Effective charge balance is verified by this 
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close correlation of 1.10% calcium increase with the 1.09% germanium 
increase. 
Proper stoichiometric structure, however, also requires that the 
tetrahedral site iron content should decrease in the same magnitude 
that the substltutlonal germanium content increases. For the same 
supercooling range discussed in the preceding correlations, the iron 
content decreased from 18.09 to 17.40 atomic% for a net reduction of 
only 0.69 atomic %. This shows a significant disparity from the 1.09% 
germanium content increase. Two reasons contribute to this apparent 
stoichiometric disparity. Firstly, considerable fluorescence effects 
were observed for the iron spectral peaks during the electron micro- 
probe analysis procedures. Although the MAGIC V programs utilized 
ZAF corrections in the analytical calculations as described in the 
earlier section on experimental procedures, the fluorescence influences 
could not be totally smoothened. The iron spectral variations accounted 
for much of the wide scatter in the iron content curve of Figure 18. 
Secondly, the iron content points at -10 °C and at -70 °C supercooling 
deviate significantly from the normalized curve of the Iron content 
behavior plotted in Figure 18; If the atomic % values are measured 
from the normalized curve at the two supercoolIngconditions, the iron 
content decreases 18.15% to 17.15%, for a net reduction of 1.0 atomic %. 
The atomic % compositional trends shown in Figure 18 are, therefore, 
consistent with stoichiometric expectations. The decreasing content of 
yttrium and iron, together with the increasing content of samarium, 
lutetium, calcium and germanium, is in agreement with the trend 
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8 
expected for this garnet formulation as suggested by Blank and Licht . 
The saturation magnetization and collapse field relationships 
with supercooling are shown in Figure 19. Both of these magnetic 
characteristics decrease linearly with supercooling. The linear 
regression calculations tabulated in Table VII indicated the magneti- 
zation slope m = 5.12 gauss/°C, and the collapse field slope 
m = 4.21 oersteds/°C. The similar slopes give nearly parallel 
behavior of magnetization and collapse field with supercooling. 
This similar behavior is accounted by the earlier discussions of 
equation (16) which relates the two parameters. 
He = 4TTMS (1 -{ffi* + !JL) (16) 
In this experimental study, the collapse field He, was the 
measured parameter. The saturation magnetization 4TTMS, was affected 
slightly by the ratios of the material's characteristic length a 
to the LPE film thickness h. The decreasing magnetic behavior with 
supercooling was largely the effect of non-magnetic germanium ions 
substituting for the magnetic iron ions in the tetrahedral sites. 
The saturation magnetization and collapse field relationships 
with growth rate Gr are shown similarly in Figure 20. Both magnetic 
characteristics also decrease linearly with growth rate. This behavior 
can be expected from the relationship between growth rate and super- 
cooling which was summarized in Figure 17. The slope for the magneti- 
zation was calculated to be at 68.9 gauss per micron of growth per 
minute, for the lutetium substituted formulation used in this study. 
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A lutetium free garnet material of similar compositional structure 
was reviewed earlier in Figure 6. Curve A in Figure 6 plotted the 
effect of growth rate on magnetization for an LPE melt which had a 
saturation temperature approximating the saturation temperature of 
the LPE melts used in this experimental study. The magnetization 
value for the lutetium free garnet changes at a rate of 170 gauss per 
micron of growth per minute. This rate was more than twice the rate 
for the lutetium formulation of this study. It was commented earlier 
that magnetization and collapse field depend largely upon the level 
of magnetic iron ions in the garnet structure. However, it is 
unclear how much effect lutetium substitution has on the magnetization 
dependency with growth rate. Small amounts of octahedral site 
occupation by lutetium, which is possible as shown in Table I, is 
one reasonable explanation for the difference between the results-, for 
the non-1utetiurn garnet in Figure 6 and the lutetium garnet in Figure 20. 
In Table I, octahedral site occupation by lutetium was reported to 
4 
approximate 5%. Earlier discussion of results reported by Blank 
indicated that small amounts"of lutetium affected the collapse field 
and magnetization values from the values of non-1utetium specimens as 
shown previously in Figure 10. The lutetium occupancy of octahedral 
sites adds to the uniaxial anisotropy of the crystal film because of 
ion size considerations. The principle reason for the decreasing mag- 
netic values is attributed to the substitution of trivalent iron by 
divalent calcium in the tetrahedral sites. This substitution is in 
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o 
agreement with work reported by Blank and Licht that the effective 
distribution coefficient of calcium increases with increasing growth 
rate. Similar calcium incorporation was shown in the preceding 
correlation of composition with supercooling in Figure 18. 
Conclusion 
This study has reported the supercooling influences on growth 
rate and magnetic behavior for a substituted magnetic rar^e earth iron 
garnet grown as liquid phase epitaxy single crystal films. The yttrium 
content was partially substituted by samarium, lutetium and calcium. 
The iron was partially substituted by germanium. 
The composition levels decreased for yttrium and iron while the 
levels increased for lutetium, samarium, calcium.and germanium, as the 
supercooling increases. Good correlation was shown for the atomic % 
decrease in iron which was matched by the increase in germanium. The 
proper charge was maintained coupling the divalent calcium ions with 
the tetravalent germanium ions. The atomic % increase for both of 
these elements was equal. Good correlation also was shown for the 
atomic % decrease in yttrium which was matched by the increase in 
samarium, lutetium and calcium. Stoi.chionetric balance was consistent 
through the supercooling range, for site occupancy as well as for garnet 
structure. 
Growth rate increased linearly with increasing supercooling, while 
the magnetic effects of collapse field and saturation magnetization 
decreased. Calcium and germanium substitution replaces trivalent iron 
and reduces magnetization. 
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Reasonable uncertainty remains, however, regarding the inter- 
dependent roles of LPE growth rate and supercooling on distribution 
coefficient and compositional behavior. Interdependency also exists 
between melt viscosity, diffusion coefficient and growth temperature 
for this specific formulation of substituted rare earth iron garnet. 
These relationships will need to be studied further at another time. 
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